High energy photons may be produced in nuclear reactions by several mechanisms, including bremsstrahlung from the potential field or from nucleon-nucleon collisions. Using infinite and semi-infinite nuclear matter approximations, we obtain simple expressions for the rates. Nucleonnucleon collisions provide the more important mechanism for both proton-induced and heavy-ion induced reactions, except for the highest energy photons. The photon cross section calculated with a zero range np interaction agrees mell with measurements on proton-induced reactions. For heavyion reactions, the initial np collisions only account for a third of the measured cross section. The disagreement may be due to an inadequacy of the infinite matter or the zero range approximations, or it may be that multiple collisions are important.
I. INTRODUCTION
Photon production rates provide a clean probe of nuclear reaction dynamics because of the weakness of the electromagnetic coupling. Of course, cross sections are small for high energy photons, but experimental techniques allow measurements for photons much higher in energy than the giant dipole resonance. ' These ultradipole photons hold promise to tell us about the early stages of the nuclear reaction, when the energy is not yet disbursed over many degrees of freedom. Our goal here is to clarify some mechanisms of ultradipole photon production, to facilitate the interpretation of measurements in terms of fundamental quantities of nuclear dynamics. Theories of photon production can be divided into two main approaches, either based on an assumed statistical equilibrium or based on detailed models of the nuclear currents. If the statistical limit occurs, measurements convey information about the time duration of the collision and the density of states at high excitation. If the coherent currents in the early stages of the collision are most important, the measurement tells us about the charge deceleration process, at least for photon energies below 100 MeV. In this work we will examine the coherent dynamics of the early stages of the collision, and obtain some numerical estimates of the predicted photon production.
The most well-founded theory of nuclear dynamics is based on separating the Hamiltonian into a part describing single-particle motion in a mean field and the remainder treated as a two-body residual interaction.
These two kinds of interaction provide two bremsstrahlung mechanisms that we will analyze in this paper. The potential field mechanism is well known in low energy nuclear physics as the direct capture mechanism in radiative nucleon capture. For heavy ion reactions, potential field effects are most reliably calculated using the timedependent Hartree-Fock (TDHF) theory Bauer et. al. studied photon production by this mechanism for ' C induced reactions at 84 MeV/N bombarding energy, and found yields to be an order of magnitude smaller than the data. The collisional bremmstrahlung mechanism has been considered for heavy ion reactions by Nifenecker and Bondorf and by Ko et al. Nifenecker and Bondorf made analytic estimates of the rates, separating the bremsstrahlung into coherent and incoherent parts, and also separating the entrance channel contribution from the rest. They find that the incoherent bremsstrahlung from pn collisions dominates for the conditions they studied.
They were also able to explain the magnitude of the cross section in Ref. 3 To disentangle the basic questions about the important mechanisms from the geometric complications of finite nuclei, we will here calculate the processes in infinite nuclear matter. As will be seen, this makes the calculations quite straightforward and transparent, but the cost is that shell effects will be beyond the scope of the theory. Shell effects are crucial for the giant dipole resonance, but we believe that they are unnecessary to describe smooth or averaged cross sections. This has been the experience in applying semi-infinite nuclear matter results to the response of finite nuclei. ' In the next two sections we derive estimates for the photon production rates in infinite nuclear matter by the two mechanisms. %'e then show how to apply these resuits to finite nuclear geometry. [' (3. 2)
The bremmstrahlung probability is just the ratio of (3.1) to (3.2). While the individual rates are sensitive to the absolute strength of the residual interaction, the ratio is independent.
Thus the bremsstrahlung probability can be calculated without very precise knowledge of the interaction. %e shall make the simple assumption that the interaction is independent of energy and momentum transfer, i.e. , it can be replaced by a delta function,
In free np scattering, the probability would be evaluated using the free t matrix. This has a strong energy dependence (in fact, a pole at the deuteron energy), but in nuclear matter the Pauli exclusion will reduce the variation of a G-matrix interaction.
To exhibit the formula for the bremsstrahlung rate, we define momentum variables p, , p2, p3, and p& of the initial proton, initial neutron, final proton, and final neutron. Using relativistically correct energies and matrix elements of the current operator, the formula is Fig. 4 . To interpret it, we note that the angular distribution for nonrelativistic neutron-proton coHisions has a dipolar character. The incoming current along the z axis produces a sin 8 angular distribution, while the outgoing current permits a cos 8 contribution as well. The specific shape of the angular distribution in protonneutron scattering is easily evaluated assuming an isotropic cross section and low energy photons. We define an angular distribution function g (8) For the potential we11 bremsstrahlung, we need to average over the spherical geometry of the potential edge. The acceleration of the proton is in the direction normal to the target surface, so we may apply the formula given by Eq. V=4trkF/3] . The third column is the transition probability of making a photon in units of (fm MeVsr) . The fourth column is the total nucleon-nucleon collision rate in units of fm, whose inverse is the mean lifetime~(p, ). The fifth column gives the probability of a projectile nucleon with momentum p, to suffer a collision. Finally, the last column is the integrand in Eq. (5.4) multiplied by the phase space factor. All the ingredients are calculated for incident energy of 40 MeV/N and photon energy of 30 MeV. The photon emission angle is 0=0 . Figure 9 shows the data for ' (1985) .
